H
YPERTENSION IS COMMONLY associated with hyperuricemia. 1, 2 Early investigators proposed uric acid as having a causal role in hypertension. [3] [4] [5] However, an elevation of uric acid in hypertension could be a consequence of reduced renal function, the use of diuretics, the presence of hyperinsulinemia and oxidative stress, or elevated renal vascular resistance, which are commonly present in this condition. 6 As such, hyperuricemia is not considered a true risk factor for hypertension by the Joint National Committee, 7 nor is it considered a cardiovascular risk factor by most expert organizations. 8 Recent studies have challenged this long-standing paradigm. For example, numerous studies have reported that hyperuricemia independently predicts the development of hypertension, [9] [10] [11] [12] [13] even in individuals lacking features of the metabolic syndrome. 14 If hyperuricemia precedes the development of hypertension then it cannot simply be a secondary phenomenon. We also previously reported that elevated uric acid is present in nearly 90% of adolescents presenting with essential hypertension. 15 Of 63 participants with essential hypertension, 89% had a uric acid level higher than 5.5 mg/dL (mean, 6.7 mg/dL; to convert milligrams per deciliter to micromoles per liter, multiply by 59.485), whereas this was observed in only 30% with secondary hypertension (mean, 4.3 mg/dL; n = 40) and none of the con-trols with blood pressure (BP) that was lower than the 90th percentile (mean, 3.6 mg/dL; n=40) or white-coat hypertension (mean, 3.5 mg/dL; n=22). The latter group was of particular interest because they had similar degrees of obesity as the patients with essential hypertension. The relationship was also linear and strong (r=0.8, PϽ.01) 15 but did not prove a causal relationship.
Evidence supporting a causal role of uric acid in hypertension has come from experimental studies in laboratory animals. Humans do not express uricase, an enzyme that degrades uric acid to allantoin. As a consequence, humans have higher levels of uric acid and also cannot regulate blood levels as effectively as most mammals. 16 To determine the effect of uric acid on BP in laboratory animals, uric acid levels in rats were increased by administering oxonic acid, which is a uricase inhibitor. 17 Interestingly, raising uric acid levels in rats resulted in increased BP and the development of microvascular disease (resemblingarteriolosclerosis)inthekidneys. 17, 18 The mechanism of hypertension was shown to be caused by a uric acid-mediated reduction in endothelial nitric oxide levels 19, 20 and stimulation of renin expression. 18 Studies in humans have also correlated uric acid levels with both endothelial dysfunction 21, 22 and elevated plasma renin activity. 23, 24 Furthermore,severalcontrolled clinical trials have reported that lowering uric acid with xanthine oxidase inhibitors improves endothelial function under a variety of conditions. [25] [26] [27] We performed a randomized, doubleblind, placebo-controlled, crossover trial of allopurinol in children with newly diagnosed essential hypertension to test the hypothesis that lowering uric acid levels with a xanthine oxidase inhibitor might lower BP. Although hypertension is less common in adolescents than in adults, the short duration of elevated BP, often known with certainty, and typical lack of confounding medical conditions make adolescents an ideal population in which to investigate possible, early causal steps in the development of hypertension.
METHODS

Participants
Participants were all recruited from the Hypertension Clinic at Texas Children's Hospital in Houston between September 2004 and March 2007. Children referred for the evaluation of newly suspected hypertension underwent routine screening for the causes of their hypertension in accordance with the recommendations of the Fourth Report of the Task Force on the Diagnosis, Evaluation and Treatment of Hypertension in Children and Adolescents. 28 Inclusion criteria were adolescents aged 11 through 17 years with confirmed stage 1 hypertension (BP Ͼ95th percentile for sex, age, and height percentile) who had a serum uric acid level of 6 mg/dL or higher, had no evidence for target organ damage, had never been treated with a hypertensive medication for any indication, and were not currently taking medications. We restricted the population to those with mild hypertension because we thought it unethical to randomize patients with marked hypertension. We selected 6 mg/dL based on our previous studies of children with essential hypertension in which a serum uric acid level higher than 5.5 mg/dL was commonly observed in children with essential hypertension and rare in those without elevated BP. 15 By selecting an inclusion value slightly higher, we could ensure that participants receiving allopurinol would likely have significant decreases in uric acid levels that would cross this threshold and that would not be expected by children administered placebo.
Exclusion criteria included prehypertension or stage 2 hypertension (BP Ͼ99th percentile ϩ 5 mm Hg for sex, age, and height percentile), serum uric acid levels lower than 6 mg/dL, prior or current treatment with an antihypertensive agent, serum transaminase levels higher than the laboratory normal range or any abnormalities on screening complete blood cell count. Race assessment was made by the principal investigator and included only as a demonstration of the diversity of the recruited population. Of 168 invited patients, the parents or guardians of 81 adolescents (48%) did not wish to be screened and 46 children (27%) were screened but did not enroll because they did not meet inclusion criteria or had 1 or more exclusion criteria (FIGURE 1). Eleven children met enrollment criteria but withdrew prior to enrollment. All of the 30 adolescents randomized completed the protocol and data collection. A low ratio of children screened to children enrolled is common among pediatric trials. Our rate of enrollment is consistent with published observations. 29 All participants had consultation with a trained nutritionist and received counseling in how to establish a healthful diet, reduce sodium, and, when appropriate, reduce weight.
Study Design
The study was a randomized, doubleblind, placebo-controlled, crossover trial. Medication preparation of allopurinol and placebo in identical, unmarked capsules was performed in the Investigational Pharmacy at Texas Children's Hospital. Informed consent was obtained by the principal investigator (D.I.F.), study coordinator (B.S.), or both in a face-to-face interview that included the participant with at least 1 of his/her parents. The discussion included risks of hypertension, a discussion of standard treatments for hypertensive children, the study hypothesis, and the risks and benefits of study participation, including adverse effects of allopurinol. Informed consent by a parent and informed assent by the participant were both required before study enrollment or any screening procedures. Both consent and assent forms were approved by the Baylor College of Medicine institutional review board. After screening and enrollment, participants were assigned by random number table in the investigational pharmacy and treated with either allopurinol, 200 mg twice daily, or placebo capsule twice daily for 4 weeks, followed by a 2-week washout period then a 4-week crossover phase (Figure 1 ). The principal investigator and study staff responsible for patient contact and end point measurement were blinded to medication assignment and serum uric acid values until after enrollment and data collection were completed.
All participants had clinic visits 3 to 7 days before initiation of any medication, on the day of medication initiation for each medication phase, at 5 to 9 days after initiation of each medication phase, and at 26 to 30 days after initiation of each medication. Pill counts were performed at the end of each treatment phase. Adherence was assessed as the number of pills taken divided by the total number of pills prescribed. End point testing included casual BP monitoring (primary end point), 24-hour ambulatory BP monitoring (secondary end point), clinical laboratory testing, and noninvasive bioimpedance performed 3 to 7 days before initiation of any medication and on the last day of each of the medication phases. The study design was approved by the Baylor College of Medicine institutional review board.
Adverse Event Screening
After 1 and 4 weeks of each medication phase, participants had a review of systems that included skin, urinary, gastrointestinal, and neurological symptoms; a physical examination; and laboratory tests, including complete blood cell count and differential, electrolytes, blood urea nitrogen, creatinine, and transaminases to screen for skin, hepatic, hematological, and renal adverse events.
BP Measurements
Blood pressure measurements were made by trained personnel using aneroid BP monitors. Cuff size was selected in accordance with task force recommendations 29 and once selected, the same cuff and monitor were used subsequently for each patient. Each BP data point was the mean of 4 upper extremity measurements, performed on seated children who had been relaxing in a quiet examination room for more than 10 minutes. Standard, aneroid (Mabis Medic Kit-5; Mabis Healthcare Inc, Waukegan, Illinois) auscultatory monitors were used and were calibrated with T-valve connector and mercury sphygmomanometer each month to ensure consistency and accuracy in the equipment. We did not use mercury sphygmomanometers because they are prohibited from use in patient areas at our institution for environmental safety concerns. Twenty-four-hour ambulatory BP monitoring was performed using SpaceLabs 90217 monitors (SpaceLabs Medical, Issaquah, Washington) at the time of study screening, within a week prior to starting study medication, and at the end of each of the 4-week treatment phases (while the participant was still receiving medication). The same cuff size was used for all 3 ambulatory BP monitoring studies for each patient. Monitors measure BP every 20 minutes from 6 AM to 10 PM and every 30 minutes from 10 PM to 6 AM.
The definition of casual (in office) hypertension used in this study follows the Fourth Report of the Task Force on the Diagnosis, Evaluation and Treatment of Hypertension in Children and Adolescents. 28 This definition, which represents the current consensus guideline, used greater than 95th percentile of systolic or diastolic BP stratified for age, sex, and height and does not include any modification for body weight or body mass index. Hypertension by ambulatory BP monitoring criteria was defined using sex-and height-based normative data 30 as the 24-hour systolic or diastolic mean BP greater than the 95th percentile or systolic or diastolic BP load (percentage of readings exceeding the 95th percentile) greater than 30%. Dipping is the percentage decrease in systolic and diastolic BP between sleep and awake periods. The normal pattern is for a decrease of more than 10%. Participants whose BP increased or did not decrease by at least 10% were considered nocturnal nondippers.
Laboratory Analyses
At each visit, patient samples were tested for uric acid, complete blood cell count, electrolytes, blood urea nitrogen, creatinine, alanine transaminase levels, and plasma renin activity, and urine pregnancy for girls. All clinical laboratory testing was performed in the Texas Children's Hospital Clinic Laboratory. Plasma renin activity was measured using a continuous fluorescence assay as developed by Wang et al 31 and with reagents purchased from Cayman Chemicals (Ann Arbor, Michigan).
Bioimpedance
Cardiac bioimpedance studies were performed with a Bio-Z device (CardioDynamics, San Diego, California) using manufacturer's specifications. The device measures heart rate, cardiac output, total body water, and systemic vascular resistance of patients in a supine position using noninvasive impedance skin electrodes on the neck and chest. This device has been used for monitoring BP treatment in patients with hypertension and has been found to correlate well with invasive BP in volume status measurements. [32] [33] [34] [35] Impedance cardiography has also been used to monitor systemic vascular resistance and cardiac output in healthy and hypertensive children.
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Statistical Analysis
Sample size calculations were made for detection of the difference in change in systolic BP of 6 mm Hg and diastolic BP of 5 mm Hg with a power of 90% for each BP end point. For the purposes of these calculations, individual BP parameters were not considered independent; a 50% covariance of the BP end points was assumed. Because this was a clinical trial with multiple prospectively defined end points, nominal assessment of significance tests would be likely to yield at least 1 ␣ error. For this reason, the family-wise error rate was conserved by prospective ␣ allocation (.03 for change in office measures of systolic and diastolic BP, .01 for systolic BP load, and .01 for 24-hour mean systolic BP). Using these assumptions in the model, sample size was calculated with Statistica 8.0 software (StatSoft Inc, Tulsa, Oklahoma). To preserve a family-wise error rate lower than 0.05, a minimum of 27 participants were required.
The analysis was on an intent-totreat basis so that only the treatment phase, not medication adherence or actual change in serum uric acid, were considered in the analysis of data. The mean of each patient's change in BP between pretreatment and placebo and pretreatment and allopurinol was analyzed by paired t test and Hotelling T 2 test for repeated measurements, after confirmation of the absence of treatment order effect. The dichotomous variable, presence or absence of hypertension, was analyzed by the McNemar test. The change in mean systemic vascular resistance and plasma renin activity values were analyzed by analysis of variance for repeated measurements. All analyses were performed using Statistica 8.0 (Statsoft Inc).
RESULTS
We recruited 30 adolescents with newly diagnosed stage 1 essential hypertension and serum uric acid levels of 6.0 mg/dL or higher. The population was mixed in terms of race/ethnicity and sex (TABLE 1). Seventy-three percent (22/ 30) of the participants were overweight or obese (Ͼ90th percentile body mass index for sex and age), and 30% (9/30) met diagnostic criteria for metabolic syndrome, 38 which is representative of patients referred to our clinic. The 24-hour mean ambulatory BP readings were significantly lower than the casual BP readings because sleepperiod BP contributed to the mean. At the time of screening, all 30 participants had hypertension by at least 1 ambulatory BP monitoring criterion. There was no difference in casual BP readings at the beginning of the placebo and medication phases, indicating that carryover from the previous treatment phase, particularly when allopurinol was first, did not contribute to the BP results ( Table 1) .
The mean adherence rate was 76% (range, 27%-100%) when both placebo and allopurinol groups were included, suggesting that, on average, approximately 11 of 14 weekly doses were taken. There was a tendency toward more missed doses during the allopurinol treatment phase (73% adherence) than the placebo phase (79% adherence), but the difference was not statistically significant (P =.09). None of the participants were withdrawn for deviation from the expected pill counts, and the degree of adherence was not accounted for in the data analysis. There were no observed adverse reactions among the participants by review of symptoms, physical examination, or laboratory tests.
From the beginning to the end of the medication phase, treatment with placebo resulted in no statistically significant change in uric acid levels, whereas allopurinol resulted in a marked decrease ( Table 1) . Two of 30 patients had no change in serum uric acid levels while taking allopurinol. Twenty-two of 30 patients achieved serum uric acid levels lower than 5.0 mg/dL by the end of the allopurinol phase, whereas only 2 of 30 patients had serum uric acid levels lower than 5.0 mg/dL at the end of the placebo phase.
Allopurinol treatment was associated with a significant decrease in casual and ambulatory systolic and diastolic BP (TABLE 2). The mean decrease in casual BP during allopurinol treatment was −6.9 mm Hg for systolic and −5.1 mm Hg for diastolic BP; for placebo the respective changes were −2.0 and −2.4 mm Hg. The mean changes in 24-hour ambulatory BP during allopurinol were −6.3 mm Hg systolic and −4.6 diastolic BP. Systolic BP increased slightly during the placebo phase by 0.8 mm Hg and diastolic BP slightly decreased by 0.3. The decrease in ambulatory BP directly correlated with allopurinol treatment (FIGURE 2) .
Ambulatory systolic BP load decreased from 44% (95% CI, 37%-49%) before allopurinol medication to 23% (95% CI, 16%-31%) after and the diastolic load decreased from 31% (95% CI, 25%-37%) before to 18% (95% CI, 12%-24%) after treatment. But those readings remained unchanged during the placebo phase.
The degree of nocturnal dipping did not significantly change between treatment phases. At baseline, the mean systolic BP dipped by 12 Twenty of the 30 participants achieved normal BP by casual and ambulatory criteria during the allopurinol phase, whereas only 1 of 30 achieved normal BP during the placebo phase. Of the 10 participants who remained hypertensive while taking allopurinol, 7 had a serum uric acid level of 5.0 mg/dL or higher at the end of the allopurinol phase.
A potential weakness of the crossover study design is the possibility of differential effect secondary to the order of treatments received. For this reason, we examined the BP of patients based on the whether they received placebo or allopurinol first. For Because the early uric acid-induced hypertension in the animal model was, at least in part, mediated by the renin angiotensin system, 17, 18 we assessed both plasma renin activity and systemic vascular resistance of children during the study. The mean plasma renin activity decreased from 1.9 ng/mL per hour (95% CI, 1.7-2.2 ng/mL per hour) to 1.4 ng/mL per hour (95% CI, 0.8-2.1 ng/mL per hour) during the allopurinol phase, whereas there was no significant change during the placebo phase: 2.1 ng/mL per hour (95% CI, 1.8-2.4 ng/mL per hour). Bioimpedance measurement of heart rate, cardiac output, and total body water revealed no differences between pretreatment and treatment with allopurinol or placebo. The systemic vascular resistance index, however, decreased an average of 14% in response to allopurinol with no change in response to placebo (TABLE 3) .
COMMENT
We performed a small, carefully controlled, double-blind study to determine if lowering uric acid with a xanthine oxidase inhibitor can lower BP in asymptomatic adolescents with high serum uric acid levels (Ն6.0 mg/dL) and newly diagnosed mild essential hypertension. The study was intended as a proof of physiological mechanisms and not to establish new therapy. However, hypertension is a very common disease, affecting 30% to 35% of adults and is especially common in groups at high risk of cardiovascular disease. Despite a large number of safe and effective antihypertensive agents and useful lifestyle modification measures, optimal BP control is attained in less than 40% of patients receiving therapy. 39 The results of this study represent a potentially new therapeutic approach, that of control of a biochemical cause of hypertension, rather than nonspecifically lowering elevated BP. Although not representing a fully developed therapeutic strategy, this study raises an alternative strategy that may prove to be more effective than currently available options.
One hesitation in considering allopurinol as a therapy for hypertension is its potential for adverse effects. Allopurinol is approved for use in children to treat gout and the dose used in this study is generally considered safe. Although no adverse effects were seen in our small study, about 1 in 75 children typically develop nausea, vomiting, or diarrhea. More serious rare adverse effects include liver damage, neutropenia, and Stevens-Johnson syndrome, which are generally reversible but can be life-threatening. The risks vs benefits of allopurinol remain to be studied.
Allopurinol was administered as 200 mg twice daily according to pediatric dosing guidelines. 40 Uric acid levels decreased from a mean of 6.9 mg/dL to 4.2 mg/dL (PϽ.001), although 8 of 30 patients continued to have serum uric acid levels 5 mg/dL or higher with allopurinol. The variability in response to allopurinol is most likely associated with differences in adherence, but individuals could vary in their biological response to the medication as well. Because of the small size of this study, we were unable to definitively determine the etiology of the variable response. Participants in the placebo phase also showed a mild nonstatistically significant decrease in serum uric acid level (6.2 mg/dL, P = .04), which likely reflects either dietary changes made during the course of the study or that the serum uric acid was still increasing after 2 weeks of washout in the patients who received allopurinol first.
The major finding was that allopurinol treatment resulted in normal BP, by both casual and ambulatory criteria, in 20 of 30 participants, including 19 of the 22 (86%) whose uric acid levels were lowered to less than 5.0 mg/ dL. In contrast, only 1 of 30 participants became normotensive while receiving placebo during the study. The primary end point (clinic BP) showed a greater mean decrease of 5 mm Hg in systolic BP and a 2.5-mm Hg decrease in diastolic BP over placebo. By ambulatory BP the differences were even greater, with a 7-mm Hg greater decline in systolic BP and a 4-mm Hg greater decline in diastolic BP.
The relative reduction in BP we observed with allopurinol was similar to what is observed with conventional antihypertensive agents in the treatment of mild hypertension. For example, in the Treatment of Mild Hypertension Study, the effect of ␤-blocker, calcium channel blocker, ␣-blocker, and angiotensin-converting enzyme inhibitors were evaluated in adults with mild hypertension. 41 Over 48 months only 70% of patients responded to any given agent and the mean change in systolic BP ranged from 2.7 to 6.0 mm Hg and the change in diastolic BP from 1.1 to 3.6 mm Hg. In a meta-analysis to assess the efficacy of individual classes of antihypertensive medications in children, Simonetti et al 42 found an average total BP decrease of 10 mm Hg systolic and 7 mm Hg diastolic in populations that included patients with moderate and severe hypertension. While the observed degree of reduction may appear modest, a reduction of 5 to 7 mm Hg in systolic BP can translate to as much as a 25% decrease in longterm cardiovascular mortality. 43 A clue to the mechanism by which allopurinol lowered BP was the observation that systemic vascular resistance and plasma renin activity both decreased significantly with treatment. In experimental animals intrarenal renin expression has been shown to be mediated by uric acid. 17 More recently, Toma et al 44 reported that uric acid stimulates renin release via a macula densa dependent mechanism using an in vitro microperfused afferent arterioleglomerular preparation. These studies suggest that lowering uric acid may act, at least in part, by reducing plasma renin activity.
There are a number of limitations to the study. First, the number of participants was small and the population limited to adolescents with mild, newly diagnosed hypertension and hyperuricemia. We do not know if the findings will extend to populations that include lower serum uric acid levels, more severe or long-standing hypertension, older patients, or different ethnic or geographic mixtures. Indeed, we have previously reported that once microvascular disease develops in the kidney, hypertension is largely driven by renaland sodium-dependent mechanisms, 45 suggesting that individuals with longestablished hypertension might be expected to be resistant to hypouricemic therapy.
Second, the population was predominantly obese. Because approximately 2% to 3% of lean children and 18% to 20% of obese children have hyperten- sion, 29, 46 the 70% rate of obesity in our study is representative of the adolescent hypertensive population, although it may be less representative of the general hypertensive population in the United States or worldwide.
Third, because the purpose of the study was to investigate a causal principle, the duration of treatment was short and we have no data as to whether the observed effect would be sustained over time.
Fourth, since allopurinol reduces both uric acid and xanthine oxidaseinduced oxidants, it is possible that the effect of allopurinol to lower BP may not be due to the lowering of uric acid. George et al 47 reported that allopurinol but not the uricosuric probenecid could improve endothelial function in patients with heart failure. However, xanthine oxidase inhibitors may be more effective at lowering uric acid within the cell where it is believed most of the effects are mediated. 48, 49 Fifth, we also do not know how dietary, exercise, or weight loss interventions might modify the effect of xanthine oxidase inhibition because all participants received similar counseling.
Sixth, ambulatory BP monitoring was performed only 3 times during the study: at enrollment and at the end of each of the 2 medication phases. This was done because the number of ambulatory BP monitoring procedures was the most common reason for individuals to refuse to enroll. Since both posttreatment ambulatory BPs were compared with the enrollment BP reading, there is potential concern for a carryover effect from the first to second medication phase. This is unlikely because the participants were randomized and such effects should impact both treatment groups equally. There was also no difference between casual BP measurements at the beginning of each medication phase, suggesting no carryover. Furthermore, because this was a placebo-controlled study, persistence of medication effect from those who received allopurinol first would be expected to increase the apparent placebo effect, while no placebo effect would be expected to carry over to the allopurinol treatment. Consequently, medication carryover would be expected to favor the null hypothesis, which was rejected by the data analysis.
Finally, the lack of adverse events for hypertensive participants receiving allopurinol in a small and short-term study should not be construed to suggest that allopurinol is without adverse effects or even comparable to conventional antihypertensive medications because the study was not designed to make such an evaluation.
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